We demonstrate that the Maxwell fisheye lens realized can serve as an ideal waveguide crossing hub for up to 8 waveguides with 0.1 dB loss (97.7% transmission) and crosstalk of -40 dB.
Introduction
Integrated silicon (Si) photonics represents one of the key technologies for developing compact high speed optical systems for computing and telecommunications. In such systems, electric buses are replaced with integrated Si waveguides which transport light across the chip. In order to implement high density networks, it is inevitable that waveguides will need to be crossed to transport information across orthogonal directions. However, when two or more waveguides cross, light is scattered due to the abrupt change in the modal index resulting in losses of up to 40%. This loss occurs to both the environment as well as the overlapped waveguide, causing cross-talk into the other channel resulting in false signals.
Current Si based waveguide crosses include parabolic tapers [1] , subwavelength gratings [2] , and periodic dielectric waveguide crossings [3] . However, these designs either require a large footprint or are limited in the number of waveguides that can be crossed simultaneously. In this work, we develop integrated gradient index elements based on the Maxwell Fisheye (MFE) to provide low-loss and massively parallel optical waveguide crossings. To realize a crossing, waveguides which are modal index matched to the MFE are coupled across the lens wherein the output of one waveguide is imaged to the input of its partner on the opposite side. Based on this methodology, we present full-wave modeling of the device demonstrating a 0.1 dB loss (97.7% transmission) per waveguide crossing for an overall waveguide cross footprint of 28.26 µm 2 , among the most efficient designs proposed to date. We also propose how this device can be realized using smoothly tapered Si waveguides to provide the required 2D gradient refractive index profile.
Design
The Maxwell Fisheye (MFE) is a spherically symmetric lens which images a point source placed on the outer edge across the lens to the opposite surface. The lens has a radially varying refractive index profile given by,
where n 0 is the refractive index in the center of the lens, R is the outer radius of the lens and r is the position within the lens. It should be noted that at r = R, the lens is impedance matched to the environment which allows reflectionless coupling across the lens. Furthermore, while originally formulated as a sphere, the performance of the lens is preserved in a 2D implementation which will be utilized here. It should be noted that there has recently been a proposal regarding the ability of the MFE to achieve subdiffraction limit resolution when a drain is placed at the location of the image [4] . While we do not demonstrate subdiffraction limit imaging here, the output waveguide in our configuration is similar to the drain in the proposed imaging configuration, potentially providing additional insight into the physics of the MFE based crossing. In our setup, waveguides are connected directly with the edge of the lens eliminating extraneous interfaces as shown in Figure 1a . The value of n 0 was selected such that the refractive index at the center of the lens is equal to the modal refractive index of 500 nm thick silicon slab waveguide clad with silicon oxide at a wavelength of 1360 nm. The feed waveguide thickness was chosen such that the modal index of the waveguide matches the lens's refractive index at the outside edge. Based on these parameters, the refractive index at the edge of the lens is 1.745 and 3.491 at the center. The basic layout is shown in Figure 1a . All studies were simulated using finite element method modeling software (COMSOL).
Simulation Results
To evaluate crosstalk, two waveguides were positioned orthogonally to a 3 µm radius MFE hub and one waveguide was excited with a TE polarized wave with a free-space wavelength of 1360 nm. The total power flow from the outgoing port of the unexcited waveguide was calculated and compared to the excitation power. In this configuration (Fig. 1b) , the crosstalk to the unexcited waveguide was found to be -40 dB and the total optical loss from the excited waveguide was found to be 0.1 dB. This indicates the majority of loss is due to insertion into the device rather than crosstalk. Insertion loss is likely due to a slight modal index mismatch between the waveguides and the MFE. We also performed a study to understand the performance of the MFE hub with multiple equidistant crossed waveguides coupled around the circumference. In this case, one of the waveguides was excited and we measured the power flow at the output side as a function of the number of coupled waveguides.
In Figure 1c , it can be seen that transmission losses remain constant at 0.1 dB for up to 8 incoming waveguides, demonstrating the possibility to use the MFE as a massively parallel waveguide crossing. As the number of waveguides exceeds 8, the close proximity causes coupling between the waveguides before the mode reaches the MFE hub, resulting in decreased transmission and increased crosstalk. However, to further increase the number of coupled waveguides, one only needs to enlarge the diameter of the MFE crossing, increasing the spacing of the waveguides. 
Realization
To demonstrate how such a waveguide cross can be realized experimentally, the refractive index profile of the lens was converted into a 3D tapered Si waveguide profile (Fig 1d) . To generate the height profile, the lens was modeled as a slab waveguide wherein the modal index is a function of thickness. This methodology has previously been used to realize Luneburg lenses which have a similar index profile [5] . Experimental realization of the MFE based coupler based on tapered waveguides is currently ongoing.
In summary, the use of gradient index devices for integrated photonics offers increased freedom for manipulated light on-chip. This is demonstrated by using the Maxwell fisheye lens as an optical hub waveguide crossing with extremely high transmission, low crosstalk, and a massively parallel implementation.
